The graded nuclear location of the transcription factor Dorsal along the dorsoventral axis of the early Drosophila embryo provides positional information for the determination of different cell fates. Nuclear uptake of Dorsal depends on a complex signalling pathway comprising two parts: an extracellular proteolytic cascade transmits the dorsoventral polarity of the egg chamber to the early embryo and generates a gradient of active Spätzle protein, the ligand of the receptor Toll; an intracellular cascade downstream of Toll relays this graded signal to embryonic nuclei. The slope of the Dorsal gradient is not determined by diffusion of extracellular or intracellular components from a local source, but results from self-organised patterning, in which positive and negative feedback is essential to create and maintain the ratio of key factors at different levels, thereby establishing and stabilising the graded spatial information for Dorsal nuclear uptake.
In the past 10 years, compelling evidence has highlighted the importance of morphogens for pattern formation during development [1, 2] . A morphogen is defined by two crucial properties. First, it exhibits a graded distribution across a developmental field, so that the value of morphogen concentration at any given point of the gradient corresponds to a particular position within that field. Second, distinct ranges of morphogen concentrations elicit different cell fates. The combination of these two properties provides an elegant and powerful mechanism for specifying cell fate as a function of space. Recent work has focused on the cellular mechanisms of morphogen spreading and long-range gradient formation. A surprising diversity of cellular processes and mechanisms of considerable kinetic complexity have been found to be required for morphogen transport and for the shaping of morphogen gradients [3] [4] [5] [6] [7] . Despite the highly complex picture that has emerged from these studies, all cases considered so far have one feature in common: gradient formation depends either on spreading of the morphogen from a local source or on the spreading of a localised inhibitor, which forms a gradient opposing that of the morphogen. As morphogen (or inhibitor) production is localised while its degradation occurs within the entire developmental field, these cases can be classified as 'local-sourcedispersed-sink' (LSDS) mechanisms [8] [9] [10] .
Here, we summarise recent findings on the establishment of the morphogen gradient that patterns the dorsoventral axis of the early Drosophila embryo, the formation of which can apparently not be explained by the LSDS model. This gradient forms in the fluid-filled perivitelline space surrounding the embryo in which the key components required for gradient formation are evenly distributed. Positive and negative feedback loops among these compounds, together with their differential spreading within the perivitelline fluid, appear to constitute a reaction-diffusion system with self-organising properties. 
The Ventralising Cascade of Drosophila -an Overview Establishment of dorsoventral asymmetry in the early

Origin of the Ventralising Information
The ventralising signal is derived from the dorsoventral asymmetry of the egg chamber. Four factors have been identified so far, which are required to transmit this asymmetry to the embryo by specifying a domain at the ventral side of the egg where the Toll ligand is generated (Figure 2 Figure  6 ). These observations demonstrate that pipe does not just localise a source, from which a gradient forms by diffusion. Pipe rather defines a ventral region of the egg, in which a complex patterning system leads to gradient formation by the dynamic interactions of its components. Therefore, a LSDS model cannot be used to explain the formation of the Dorsal gradient.
The Besides autocatalytic processing, the target of the Nudel protease remains to be identified; it has been shown that the best candidate, GD, is processed independently of Nudel We would like to propose a third model of GD activation, which is in agreement with an interpretation put forward by Ellen LeMosy and colleagues [56] . This model is based on the observation that GD protease activity is enhanced in the presence of Snake, the downstream target of GD [51]. In addition, Snake like GD has been shown to associate with heparin [51]. In our model, activation of GD requires Snake to be locally concentrated in the vicinity of GD. This in turn would depend on the Pipe substrate and/or Nudel. As GD is bound to the embryo surface, the signal could not spread beyond the domain defined by Pipe, which would ensure that the dorsoventral asymmetry within the follicular epithelium is faithfully conveyed to the embryo.
How does GD act on the downstream proteases? Interestingly, interallelic complementation occurs between mutations affecting the catalytic chain in trans to mutations within the amino-terminal polypeptide. Indeed, injection assays have shown that both polypeptides are important for signalling and have different roles during axis formation. The GD protease domain serves to transmit the ventralising signal, while the amino-terminal fragment appears to have several functions. It is required to link GD to the embryo surface, but it might also repress the ventralising signal [54] . Interestingly, both polypeptides provided in parallel have no effect on the mutant phenotype indicating that an intact unprocessed GD protein is required to correctly transmit the signal. This requirement kinetically links the activation process to the formation of the potentially inhibitory amino-terminal fragment.
In vitro data suggest that GD is subject to feedback regulation after activation of Snake [51]. First, processed GD is subject to autoproteolysis, and second, Easter, the target of Snake, cleaves GD. So far it has not been established whether these proteolytic processes lead to activation or inactivation of GD, but both possibilities are interesting from a theoretical point of view (see below). In case of negative feedback, they might, together with the generation of an inhibitory amino-terminal fragment, provide a first step by which the broad domain of activation defined by pipe is narrowed down towards the ventral midline.
New Insights into the Role of Easter
Recent work has put Easter into the centre of interest as a major factor responsible for the shape of the Dorsal gradient [58] [59] [60] [61] [62] [63] . Easter codes for a serine protease that requires proteolytical processing by Snake in order to be active [51,63]. Regulation of Easter activity involves the serine protease inhibitor Serpin27A, which irreversibly binds to the catalytic centre of Easter once it is cleaved from the amino-terminal pro-domain [59] [60] [61] .
Interestingly, the interaction of Easter with Serpin27A is subject to feedback regulation, as the amount of the Easter-Serpin27A complex being formed depends on downstream components of the pathway. In dorsalised embryos, the level of Easter-Serpin27A is increased, whereas in Cactus mutants it is decreased [62] . This signal dependence of Serpin levels is difficult to explain. One could imagine that the secretion of Serpin27A into the extracellular space is controlled by Toll signalling. At the ventral side of the embryo, secretion is inhibited, whereas at the lateral and dorsal sides outside the Pipe domain Serpin27A is secreted to inhibit Easter. An inverse correlation of Toll pathway activity and Serpin27A secretion would explain the observation Current Biology R891 How does Spätzle contribute to the generation of the dorsoventral gradient? As noted above, an increase of the amount of Spätzle does not affect the slope of the gradient, as assayed by sog expression, but rather causes the enlargement of the twist domain, which yet never exceeds the ventral region specified by Pipe [67] . This is even true for eggs laid by egfr mutant females, in which the pipe domain increases from 20% to 70% of the circumference. Reduction of the Spätzle dose by half causes a reduction of the twist domain from 20% to 15% of the embryo circumference without affecting the domain of sog expression [67] . In conclusion, Spätzle seems to respond stably to the slope of Serpin-regulated Easter activity.
However, it appears that this stable transmission is not resulting from an exact copying of the Easter activity gradient. Evidence for a rather complicated mechanism of Spätzle activity comes from injection essays showing that increased local amounts of Spätzle cause axis duplication, a phenomenon that has been observed also in embryos laid by grk and egfr mutant females [24,25]. In these embryos, two ventral furrows are formed within the enlarged pipe domain ( Figure 5D ) [ In summary, generation of the ventralising signal comprises at least three potential pairs of activators and inhibitors: the carboxy-and amino-terminal fragments of GD, Easter and Serpin27A, and the carboxyand amino-terminal fragments of Spätzle. While Easter and Serpin27A physically interact to shape the borders of the Spätzle gradient, the role of the GD and Spätzle amino-terminal fragments is not entirely clear.
Theoretical Approaches
As the formation of the Spätzle gradient is due to activating and inhibiting interactions among components, which are diffusible within a fluid-filled space, the perivitelline space, it should be ideally suited for modelling based on reaction-diffusion kinetics. Pattern formation mechanisms based on reaction-diffusion kinetics can be divided into two groups [ As in Drosophila the Spätzle gradient appears to be stable during the relevant developmental stages, a steady-state approach was used for modelling [10, 73] . Theoretical considerations show that the production of a stable pattern requires the link between a process of local self-activation and long-range or lateral inhibition [74, 75] . The inhibition can be realized in two different ways either through production of an inhibitor, which spreads from the peak of local activation or by the depletion of a substrate, which is consumed by the activation process [75] .
The biochemical data described above show that the formation of the Spätzle gradient involves a local activation process, which may have multiple positive feedback loops, as required by the theory. The selfactivation appears to be linked to the production of inhibitors -in this case the amino-terminal prodomains of the proteases and Spätzle -which might have higher diffusion rates than the catalytic domains of the proteases and the receptor-binding domain of Spätzle. This suggests lateral inhibition by diffusible inhibitors. However, simulations using this type of lateral inhibition are unable to reproduce a Spätzle gradient with one peak, but rather result in two peaks of high activation at the lateral borders of the pipe domain [73] .
The correct pattern can be simulated only with the help of a substrate-depletion model. Because the substrate is depleted around the activation peak, the peak remains stably localised in the centre. Maybe the ECM components modified by Pipe lead to the production of a diffusible substrate for the proteolytic cascade [73] . Substrate depletion might also result if downstream proteases inactivate up-stream proteases, which are diffusible in the perivitelline space. More biochemical details, however, are required to reconstruct the full kinetic complexity for more realistic modelling approaches.
In addition, some of the assumptions made in the simulations so far should be reconsidered. It is possible that the system never reaches a steady state. For instance, in a more primitive insect, the red-flour beetle Tribolium castaneum, the nuclear Dorsal gradient forms only transiently and undergoes progressive shape changes before it disappears [76] . Thus, modelling approaches should also consider presteady-state solutions or non-steady-state mechanisms. Interestingly, the blood coagulation cascade, which shares many organisational features with the dorsoventral pathway was successfully modelled using a nonsteady state travelling-wave mechanism [77-79].
Inside the Embryo
The shape of the Dorsal gradient seems to be established mainly outside the embryo, but how does the cytoplasm respond to these cues (Figure 3) Besides Cactus, also Dorsal has to be phosphorylated upon Toll signalling in order to translocate to the nucleus [96, 97] . This is revealed by a mutant allele of Dorsal, Dorsal S234P , which fails to interact with Cactus. Nuclear translocation of the mutant protein was abolished in a GD mutant background. Hence, nuclear translocation of Dorsal seems to be a three-step process. First, Cactus is phosphorylated releasing Dorsal into the cytoplasm. Then, Cactus is ubiquitinated and degraded by the proteasome [104, 105] . Third, Dorsal is phosphorylated, dimerises and enters the nucleus [106] . It will be interesting to know whether Cactus and Dorsal are phosphorylated by the same kinase. Surprisingly, there is yet another mechanism of controlling Dorsal nuclear import independent of cactus [107, 108] . WntD (Wnt inhibitor of Dorsal) can block the nuclear import of Dorsal, even in the absence of Cactus. However, wntD is expressed only at the anterior and posterior termini of the early embryo and its deletion does not lead to embryonic patterning defects, suggesting that it does not play a major role in establishing the Dorsal gradient. WntD acts also as a feedback inhibitor in the Drosophila innate immune system where its expression is activated by Toll signaling and downregulates the immune response. This immune function of WntD appears to be the reason why this regulatory loop has been maintained in evolution.
Regulation of Dorsal activity also occurs at the level of nuclear entry which is under the control of the nuclear transport machinery. Three factors modulating nuclear transport, Tamo, Drosophila Nuclear Transport Factor-2 (DNTF-2) and Members-only (Mbo), the Drosophila homologue of the nuclear pore protein Nup88, selectively interact with Dorsal While so far none of the upstream proteases acting during dorsoventral pattern formation have been found to be required for the humoral response, one important regulator of the protease cascade, Serpin27A, is required for another branch of the pathogen response, the melanisation reaction [124, 125] . In arthropods, melanisation is required for wound healing, encapsulation and sequestration of microbes and production of cytotoxic reactive oxygen species. Melanisation is controlled by a hemolymphborne protease cascade, the terminal step of which is inhibited by Spn27A.
Why is there such a close relationship between pathogen defense and dorsoventral patterning in insects? Either axis formation or innate immunity is the ancestral function of the pathway. While there is no clear evidence that Toll signaling is required for dorsoventral patterning in vertebrates, the function in innate immunity appears to be conserved. Moreover, similar receptors are even involved in pathogen resistance in plants [126] . Thus, it is likely that the role of the pathway in axis formation in insects stems from its earlier role in pathogen defense.
A possible evolutionary scenario can be envisaged from certain embryological features of phylogenetically more basal insects [127] . The adaptation to the terrestrial life-style is linked to the formation of large yolk-rich eggs, which may become the target of microbial infection. During early development, the blastoderm covers the yolk, but only a small portion gives rise to the embryo proper, while the remainder forms a protective extra-embryonic tissue, the serosa. Interestingly, there is evidence that the serosa of some insects has an immune function [76, 128] . For instance, in beetles Dorsal protein is highly expressed in the serosa and transported to the nuclei after pathogen challenge [76] . By extension, the large serosa of more basal insects may also have an immune function which was acquired early in evolution to provide protection from infections and thus a selective advantage. We suggest that this was the reason why the Toll pathway and some components of the upstream activating cascade were expressed in the serosa during early embryonic development. From there, only a small shift in temporal and spatial expression would have been necessary to shift the function of the Toll pathway towards axis formation. Initially, it might have only been used to induce axis polarity, while most of the dorsoventral patterning was achieved by interactions of zygotic genes. In beetle embryos, which may reflect such an intermediate situation, the Dorsal gradient is more transient and influences its fewer target genes less directly compared to Drosophila [76] (S. Roth, unpublished). Thus, the high amount of spatial information encoded in the Dorsal gradient in Drosophila is likely to be a late product of insect evolution.
Conclusions
In Drosophila, the regulatory circuitry comprising the three serine proteases GD, Snake and Easter, as well as the Toll ligand Spätzle, accounts for the robustness of a pathway that establishes a delicate balance of pattern elements that organise the embryo (Figure 6 ). Stable entry of the signal into the embryo is mediated by the kinase Pelle. The intracellular segment of the axis-forming pathway is, hence, not contributing to formation of the Dorsal gradient, but rather to the stabilization and transmission of the spatial information generated outside the embryo. In turn, the Dorsal gradient converts this information into patterns of gene expression, which specify the cell fates of the embryo. 
